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Abstract. We study the impact that large-scale perturbations of (i) the matter density and (ii)
the primordial gravitational potential with local primordial non-Gaussianity (PNG) have on galaxy
formation using the IllustrisTNG model. We focus on the linear galaxy bias b1 and the coefficient bφ
of the scale-dependent bias induced by PNG, which describe the response of galaxy number counts
to these two types of perturbations, respectively. We perform our study using separate universe
simulations, in which the effect of the perturbations is mimicked by changes to the cosmological
parameters: modified cosmic matter density for b1 and modified amplitude As of the primordial
scalar power spectrum for bφ. We find that the widely used universality relation bφ = 2δc(b1 − 1) is
a poor description of the bias of haloes and galaxies selected by stellar mass M∗, which is instead
described better by bφ(M∗) = 2δc(b1(M∗) − p) with p ∈ [0.4, 0.7]. This is explained by the different
impact that matter overdensities and local PNG have on the median stellar-to-halo-mass relation.
A simple model of this impact allows us to describe the stellar mass dependence of b1 and bφ fairly
well. Our results also show a nontrivial relation between b1 and bφ for galaxies selected by color and
black hole mass accretion rate. Our results provide refined priors on bφ for local PNG constraints
and forecasts using galaxy clustering. Given that the widely used universality relation underpredicts
bφ(M∗), existing analyses may underestimate the true constraining power on local PNG.
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1 Introduction
The study of galaxy bias, i.e., the connection between the observed galaxy distribution and the prop-
erties of the underlying matter distribution, is a long-standing active field of research in cosmology
and astrophysics (see e.g. Ref. [1] for a comprehensive review). In full generality, the number density
of galaxies ng(x, z) in their rest-frame at position x and redshift z in the Universe can be written as
ng(x, z) = n¯g(z)
[
1 +
∑
O
bO(z)O(x, z) + (x)
]
, (1.1)
where n¯g(z) is the number of galaxies averaged over all positions at redshift z and the sum runs over all
types of perturbations of the mass and energy distribution of the UniverseO(x, z) that influence galaxy
formation. The coefficients bO(z) are called the galaxy bias parameters, they depend on properties
like galaxy mass, color, star formation rate, etc., and formally describe how the number of galaxies
around position x changes when the amplitude of O changes at x. If one restricts to perturbations
O that are sufficiently large-scale and amenable to analytic perturbation theory description [2], then
all of the complications of galaxy formation are absorbed by the finite set of bias parameters, which
can be determined from the observational data. Galaxy formation still depends on smaller-scale
fluctuations of the matter/energy distribution that, at first order, do not correlate with the large-scale
perturbations O; in Eq. (1.1), (x) is one of these so-called stochastic (or shot-noise) contributions.
Within the formalism of Eq. (1.1), the first step is to enumerate all of the relevant perturbations
O. For example, total matter density perturbations δm(x, z) contribute to linear order as b1(z)δm(x, z)
[3, 4], where b1(z) is the popular linear local-in-matter-density (LIMD) galaxy bias. Additional types
of perturbations include large-scale tidal fields, O = [Kij(x, z)]2 [5–10]; higher-derivative bias terms,
O = ∇2δm(x, z) [11]; baryon-cold dark matter (CDM) relative density O = δbc(x, z) [12–14] and
velocity O = {∇vbc,v2bc(x, z)} [13, 15, 16] perturbations generated by photon-baryon interactions
before the epoch of decoupling; modulations of the gravitational potential O = φ(x) in primordial
non-Gaussianity (PNG) contexts [17, 18] and primordial compensated baryon-CDM isocurvature per-
turbations [19–21]. Predicting the values of the corresponding bias parameters themselves is very
challenging. Yet it is important for at least two reasons. First, even though analyses of galaxy
clustering data (e.g. Refs. [22–25] for recent analyses of the BOSS DR12 galaxy data) effectively
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marginalize over the bO(z) to obtain constraints on the cosmological parameters, a good theoretical
knowledge of galaxy bias is still important to inform the priors over which to sample/marginalize the
bO(z), guide modeling of their time-evolution (important for tomographic analyses), and help estab-
lish hierarchies and relations between them to reduce the number of free parameters. The second
reason has to do with the fact that there is a great deal that could be learned about the astrophysical
processes that govern galaxy formation (like gas accretion/cooling, star formation/feedback, black
hole growth/feedback) if observational determinations of galaxy bias, which encode the dependence
of galaxy formation on the long-wavelength environment, could be compared with predictions from
different models of the formation and evolution of galaxies.
Theoretical predictions of galaxy bias are however extremely challenging to obtain because of the
complex interaction of the many physical processes that are at play. For this reason, most theoretical
studies to date have focused on halo bias in the context of collisionless (i.e., gravity-only) structure
formation dynamics. The most widely studied are the LIMD bias parameters ∝ bn(z)δm(x, z)n,
for which accurate and popular fitting formulae from gravity-only simulations exist [4, 26, 27], but
tidal and other higher-order bias parameters have been extensively studied for haloes as well [6–11].
Galaxy bias is far less well studied because of the numerical challenges of carrying out sufficiently high-
resolution hydrodynamical simulations in sufficiently large volumes. Fortunately, in recent years, these
challenges have started to be overcome with projects like Illustris (box size Lbox ≈ 100 Mpc) [28],
EAGLE (Lbox = 100 Mpc) [29, 30], Magneticum (Lbox = 500 Mpc; note this project spans a range of
volumes and resolutions) [31], BAHAMAS (Lbox ≈ 570 Mpc) [32], Horizon-AGN (Lbox ≈ 142 Mpc)
[33] and IllustrisTNG (Lbox ≈ 50, 100, 300 Mpc) [34–36]. In these simulations, structure formation
takes place in cosmological volumes under the action of gravity and hydrodynamics, as well as physical
processes such as star formation, and stellar and black hole feedback that are implemented as coarse-
grained effective models with parameters that are calibrated to reproduce a handful of observations
(e.g. the stellar mass function at low redshift, the cosmic star formation rate history or cluster gas
fractions). These simulations therefore make it possible to begin to systematically study the actual
galaxy bias (not just halo bias), and as a function of properties that are more directly measurable in
observations such as stellar mass, luminosity or star formation rate (and not just total halo mass).
The advent of these simulations also opens the door to study the bias parameters associated with
perturbations O that explicitly distinguish between the distribution of baryons and CDM, such as the
δbc, vbc and the compensated isocurvature perturbations mentioned above [19].
In this paper, we use simulations of the IllustrisTNG galaxy formation model to study two
particularly important galaxy bias parameters: the linear LIMD parameter b1 and the bias parameter
bφ associated with primordial non-Gaussianity of the local type. The latter is parametrized in terms
of the primordial gravitational (Bardeen) potential during matter domination φ(x) and the parameter
fnl as [37]
φ(x) = φG(x) + fnl
[
φG(x)
2 − 〈φG(x)2〉] , (1.2)
where φG is a Gaussian distributed random field and 〈· · · 〉 denotes ensemble average. The simplest
single-field models of inflation predict vanishing fnl [38–43], and hence, any detection of a non-zero fnl
would carry immediate and very far-reaching consequences for our knowledge of the early Universe
and the mechanism that generated the seeds of structure formation. The current best constraints
on local PNG come from the analysis of the cosmic microwave background (CMB) by the Planck
satellite, which set fnl = −0.9 ± 5.1 (2σ) [44]. The galaxy distribution can also be a very powerful
probe of local PNG via the so-called scale-dependent bias feature in the galaxy power spectrum [17].
Concretely, in such studies, the relevant galaxy bias expansion is (see e.g. Refs. [45–49] for discussions
about the contribution from PNG to the galaxy bias expansion)
δg(x, z) = b1(z)δm(x, z) + bφ(z)fnlφ(x) + (x), (1.3)
where δg(x, z) = ng(x, z)/n¯g(z) − 1. The corresponding galaxy power spectrum (Fourier transform
of the two-point correlation function) is defined as (2pi)3Pgg(k, z)δD(k + k
′) = 〈δ(k, z)δ(k′, z)〉 with
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(omitting the redshift dependence of the bias parameters)
Pgg(k, z) = b
2
1Pmm(k, z) + 2b1bφfnlPmφ(k, z) + b
2
φf
2
nlPφφ(k) + P(k)
=
[
b21 +
2b1bφfnl
M(k, z) +
b2φf
2
nl
M(k, z)2
]
Pmm(k, z) + P, (1.4)
where Pab denotes the cross-power spectrum of the fields a, b (m ≡ δm) and P is the k-independent
power spectrum of the noise. In the second line of Eq. (1.4) we have used the relation δm(k, z) =
M(k, z)φ(k), where
M(k, z) = 2
3
k2Tm(k, z)
Ωm0H20
, (1.5)
and Tm is the matter transfer function, Ωm0 is the fractional matter density parameter today and H0 is
the Hubble expansion rate today. On scales k . 0.01 h/Mpc, the transfer function is scale-independent
and thus fnl induces scale-dependent corrections ∝ b1bφfnl/k2 and ∝ b2φf2nl/k4 relative to Pmm that
can be used to put bounds on fnl. The amplitude of the effect is however completely degenerate with
the bias parameter bφ, and consequently, searches for PNG using the galaxy distribution therefore
depend critically on our knowledge of bφ.
Assuming universality of the halo mass function, it can be shown that [46, 50–57]
bφ(z) = 2δc (b1(z)− 1) , (1.6)
where δc = 1.686 is the (linearly extrapolated to z = 0) threshold overdensity for spherical collapse.
When compared to estimates obtained for haloes in gravity-only N -body simulations [56–64], this
universality relation is found to provide a decent first order approximation for b1 . 1.5, but to
overpredict simulation results for b1 & 1.5; the exact level of the overprediction depends on halo
definition (see e.g. Ref. [57] for a recent discussion). This relation (or slight variations of it) is
commonly adopted in existing searches for local PNG using the galaxy power spectrum [50, 65–
71], as well as in forecast studies of the expected constraining power of future galaxy data [72–80].
Uncertainties on our theoretical understanding of bφ translate therefore in equally large uncertainties
on the resulting PNG constraints obtained with the galaxy power spectrum. Our goal in this paper
is to go beyond gravity-only predictions and contribute to an improved understanding of bφ and its
relation to b1 for galaxies as a function of more directly observable quantities like stellar mass or color.
Concretely, in this paper we present separate universe simulations of the IllustrisTNG model
to study both b1 and bφ for simulated galaxies in a cosmological context. The separate universe
technique is an efficient numerical method to predict galaxy bias that takes advantage of the equiv-
alence between the response of galaxy formation to long-wavelength perturbations and the response
of galaxy formation to changes in the background cosmology. Our results will show that Eq. (1.6) is
not a good description of bφ for stellar-mass selected objects: it underpredicts the measured bφ for all
of the b1 (and corresponding mass scales) probed and we find that 2δc(b1 − p) with p ∈ [0.4, 0.7] is a
more appropriate description. This breakdown of the universality relation can be traced back to the
different impact that matter (δm) and potential (fnlφ) perturbations have on the stellar-to-halo-mass
relation (SHMR). We will also look briefly into the dependence of the bias parameters b1 and bφ on
galaxy color and black hole mass accretion rate.
To the best of our knowledge, our results on bφ constitute the first predictions for fully self-
consistently simulated galaxies and can be used to improve the theoretical priors currently employed
in constraint/forecast analysis of local PNG.1
The outline of this paper is as follows. We describe our numerical simulations in Sec. 2 and, in
Sec. 3, we present our results for b1 and bφ as a function of total mass Mh, stellar mass M∗, galaxy
color (g − r) and black hole mass accretion rate M˙BH. The impact of matter overdensities and local
PNG on the SHMR relation is discussed in Sec. 4, where we also describe a simple model of the stellar
mass dependence of b1 and bφ. We summarize and conclude in Sec. 5.
1A few past numerical studies using hydrodynamical simulations of cosmologies with local PNG exist [81–84], but
their numerical setups do not permit to measure the galaxy bias bφ.
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Separate Universe δm Separate Universe As
ρm(t) → ρm(t) [1 + δL(t)]
b1(M, t) = dlnng(M, t)/dδL(t)
As → As [1 + δAs] , δAs = 4fNLφL
bφ(M, t) = 4dlnng(M, t)/dδAs
Figure 1. Summary sketch of the separate universe approach to predict the galaxy bias parameters b1 and bφ
in Eq. (1.3). Local structure formation in a fiducial cosmology inside long-wavelength matter perturbations δm
is equivalent to global stucture formation in a separate cosmology with modified background matter density
ρm. Similarly, local structure formation in a fiducial cosmology inside long-wavelength primordial gravitational
potential perturbations with PNG of the local type is equivalent to global structure formation in a cosmology
with modified amplitude of the primordial scalar perturbation power spectrum As. The bias parameters b1,bφ
are evaluated as the response of galaxy number counts to the amplitudes of the corresponding perturbations
δL, δAs = 4fnlφL, respectively.
2 Separate Universe simulations
In this section we describe the simulations that we perform to measure the linear LIMD galaxy
bias parameter b1 and the bias parameter bφ associated with PNG of the local type that enter the
galaxy bias expansion of Eq. (1.3). The parameters b1 and bφ describe, respectively, the response of
galaxy number counts to long-wavelength δm(x, z) and φ(x) perturbations with local PNG. Under
the assumption that the physics of galaxy formation acts on sufficiently small scales relative to the
size of the perturbations, the latter effectively act as a modified background to the galaxies forming
on small scales (this is called the peak-background split argument [85, 86]). One can then invoke the
separate universe argument, which states that:
Local structure formation inside long-wavelength perturbations in a fiducial cosmology is equiva-
lent to global structure formation at cosmic mean in an appropriately modified cosmology.
For the case of b1, the change in cosmology corresponds to changing the background matter
density, whereas for bφ, the modified cosmology has a different amplitude of the primordial scalar
power spectrum, As. Next, we describe the numerical details of the simulations of our fiducial
cosmology, and then discuss which aspects of it differ for the case of the modified ones. Figure 1 and
Table 1 provide a summary of the separate universe approach and the cosmologies we consider in this
paper.
2.1 Simulations and identification of structure
All of the simulations presented in this work are carried out with the moving-mesh hydrodynamic +
gravity N -body code AREPO [87, 88] together with the IllustrisTNG model [34–36]. The latter is
an effective physical model for galaxy formation and evolution in a cosmological setup that includes
prescriptions for star formation, stellar feedback, chemical enrichment, galactic winds, gas cooling, gas
(re)ionization, and black hole seeding and growth with different feedback modes at different accretion
rates. The IllustrisTNG model is an improved version of the Illustris model [28, 89] and it broadly
reproduces a number of observations including the low redshift galaxy stellar mass function, the star
formation rate history, the stellar-to-halo-mass relation and the gas fractions in galaxies and galaxy
groups. The interested reader is referred to Refs. [90–94] for the first results with IllustrisTNG.
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Our simulations start at redshift zi = 127 with initial conditions generated by the N-GenIC
code [95] using the Zel’dovich approximation. The linear matter power spectrum given to N-GenIC
is obtained by rescaling the result of the CAMB code [96] at z = 0 back to zi assuming no cosmic
radiation density in the growth factor (consistently with the subsequent forward evolution by Arepo).
We perform simulations at two numerical resolutions. One, which we label as TNG300-2, comprises
Np = 1250
3 dark matter mass elements and Np = 1250
3 initial gas elements in a cubic box with size
Lbox = 205 Mpc/h. The other one is higher resolution, labeled as TNG100-1.5, and it contains the
same number of mass elements but in a smaller box size Lbox = 75 Mpc/h. For each resolution, the
initial conditions of all of the cosmologies were generated with the same random white-noise seed in
N-GenIC; further, in addition to the simulations with the full IllustrisTNG model (dubbed Hydro
below), we have run also gravity-only counterparts (dubbed Gravity below). To complement and
extend our analysis of b1 and bφ as a function of total halo mass to higher mass values, we have run
additional gravity-only simulations with the same number of mass elements but with a bigger box
size, L = 560 Mpc/h ≈ 800 Mpc (labeled as L ≈ 800 Mpc; these have no Hydro counterpart).
We will show measurements of the bias for both haloes and subhaloes. The haloes correspond to
structures identified by a Friends-of-Friends (FoF) algorithm run on the dark matter mass elements
with linking length b = 0.2 times the mean interparticle distance in the simulations. The subhaloes
correspond in turn to gravitationally bound substructures found by the SUBFIND algorithm [97]
inside each halo. The subhalo sample includes the main central subhaloes that reside at the bottom of
the potential well of their parent halo, as well as the remaining satellite subhaloes that orbit around
the central subhalo. In all of our results, when we quote the value of a given quantity for a given
object (halo or subhalo), we always consider that quantity using all of the mass elements that belong
to the object; for example, the stellar mass of a halo/subhalo is the summed mass of all star particles
that belong to that halo/subhalo (for the case of a halo this includes the stars inside all its subhaloes).
In the case of the Hydro simulations, we consider only haloes and subhaloes that contain stars, i.e.,
(M∗ > 0); in our nomenclature, we refer to these subhaloes as galaxies and we make no distinction
between central and satellite galaxies.
We emphasize that, when we adjust the cosmological parameters from the fiducial to the separate
universe cosmologies, we keep the parameters of the IllustrisTNG model fixed. The overall philosophy
in developing galaxy formation simulations is to select a small number of key galaxy observations and
calibrate the parameters of the models to reproduce them. From this point on, the results of the
models for quantities or epochs that were not used in the calibration (like the galaxy bias parameters)
count as predictions and can potentially be used to test the models. Our numerical results should thus
be interpreted as predictions for the response of galaxy formation to the presence of long-wavelength
density perturbations (for b1) and local PNG (for bφ), at fixed galaxy formation physics prescription
(that of IllustrisTNG). In fact, it is conceivable to expect robust comparisons between galaxy bias
estimated from data and theoretical predictions like ours here to become possible in the future; this
could add another line of testing of galaxy formation models in their cosmological predictions and
contribute to advances in the study of galaxy formation that way (see e.g. Fig. 11 of Ref. [93] for a
demonstration of how IllustrisTNG galaxies recover well the observed relative clustering amplitude
(i.e., bias) between red and blue galaxies at low redshift).
2.2 The δm Separate Universe
Consider galaxies forming inside a long-wavelength total matter density perturbation δm(x, z). If the
size of this perturbation is sufficiently large, then the galaxies that form on smaller scales effectively
regard it as a spatially constant modification of the total mass that is available locally, i.e. the galaxies
form as if they were at cosmic mean in a separate universe with a different cosmic matter density
(cf. left-hand side of Fig. 1). Concretely, if δL(z) denotes the amplitude of a matter perturbation in a
fiducial cosmology with background matter density ρm(z), the corresponding separate universe cos-
mology is one with background matter density (tilded quantities correspond to the separate universe
cosmology)
ρ˜m(z) = ρm(z) [1 + δL(z)] . (2.1)
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Name Ωm0 Ωb0 Ωc0 ΩΛ0 h ns As
Fiducial 0.3089 0.0486 0.2603 0.6911 0.6774 0.967 2.068× 10−9
High δm 0.3194 0.0502 0.2692 0.7146 0.6662 Fiducial Fiducial
Low δm 0.2991 0.0471 0.2520 0.6691 0.6884 Fiducial Fiducial
High As Fiducial Fiducial Fiducial Fiducial Fiducial Fiducial 2.171× 10−9
Low As Fiducial Fiducial Fiducial Fiducial Fiducial Fiducial 1.965× 10−9
Table 1. Cosmological parameter values used in the simulations of this paper. The High δm and Low δm
cosmologies are used to measure b1 and mimic the impact of long-wavelength total matter perturbations
with present-day amplitudes δL0 = +0.05 and δL0 = −0.05, respectively (cf. Sec. 2.2). The High As and
Low As cosmologies are used to measure bφ and mimic the impact of long-wavelength perturbations of the
primordial gravitational potential with amplitude φL = +0.05/(4fnl) and φL = −0.05/(4fnl), respectively
(cf. Sec. 2.3). The IllustrisTNG model was used to simulate galaxy formation in these cosmologies at two
resolutions: TNG300-2 with Lbox = 205 Mpc/h and TNG100-1.5 with Lbox = 75 Mpc/h, both with the
same number of mass elements Np = 2 × 12503; note the box sizes are rescaled slightly for the High δm and
Low δm cosmologies (cf. Sec. 2.2). For each resolution and cosmology, we have run simulations with the full
IllustrisTNG model (dubbed Hydro), as well as gravity-only counterparts (dubbed Gravity). We have also a
Gravity set of simulations with Np = 1250
3 and L = 560 Mpc/h (labeled as L ≈ 800 Mpc).
A matter density perturbation impacts structure formation in two main ways: (i) it alters the total
amount of mass that can participate in gravitational collapse and form bound structures and (ii)
it modifies also the expansion rate of the spacetime inside the perturbation, which gives rise to a
number of subtle points important to the setup of these separate universe simulations. We highlight
some these points next and refer the reader to Refs. [4, 42, 64, 98–104] for more details about them;
in fact, some of the separate universe simulations that we use in this paper have been used already
in Ref. [104] to study matter power spectrum response functions and calculate lensing bispectra and
covariance matrices with baryonic effects taken into account.
One of the effects of the modified expansion rate concerns the mapping between redshift and
physical time, z(t). The two cosmologies should be compared at the same physical time, but N -body
codes like AREPO specify the output epochs in terms of z, or scale factor a = (1+z)−1. Consequently,
outputs of the simulation of the fiducial cosmology at z(tout) should be compared with outputs of the
separate universe simulation at z˜(tout) 6= z(tout). The starting redshift of the simulations should also
be adjusted appropriately, although at such early times the amplitude of the perturbation is so small
that the difference between z˜(ti) and z(ti) is numerically irrelevant. Likewise, N -body codes typically
take as input the parameters of the background cosmology evaluated at the time the scale factor is
equal to unity. For the fiducial cosmology, this corresponds indeed to the present-day epoch, but this
is not the case for the separate universe cosmologies. Thus, the background cosmological parameters
that are used to run the separate universe simulations correspond to a time t˜0 6= t0 defined by
a˜(t˜0) = 1. These are listed in Table 1 for the case of δL0 = +0.05 (labeled High δm) and δL0 = −0.05
(labeled Low δm), where δL0 is the present-day amplitude of the linear matter perturbation in the
fiducial cosmology.2
The changes to the Hubble parameter h in the different cosmologies imply also some care in the
conversion of units that involve factors of h. For example, in AREPO, the box size of the fiducial
(Lbox) and separate universe (L˜box) simulations is quoted in units of Mpc/h and Mpc/h˜, respectively;
in our simulations, we set L˜box = Lbox(h˜/h), which ensures that the comoving size of the boxes
coincide at all times. The different box sizes carry also implications to the halo finding criterion.
2In the IllustrisTNG model, the time evolution of the amplitude of the UV radiation background is read from
tabulated values as a function of redshift, not physical time t. These tabulated values should also be adjusted from z(t)
to z˜(t) in the separate universe cosmologies. We did not perform this adjustment in our simulations, but we expect
this to have only a negligible impact on the results we show here. This may not necessarily be the case, for instance,
in studies of neutral/ionized gas fractions that may depend more sensitively on the detailed reionization history.
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Specifically, the FoF objects are found with a linking length b times the mean distance between
mass elements, but this distance is given in units of Mpc/h and Mpc/h˜ in the fiducial and modified
cosmologies, respectively. In the modified cosmologies, we thus adopt a linking length b˜ = b(h/h˜)
that compensates the changes to the box size and guarantees that the haloes in the two cosmologies
are found with the same linking length in units of Mpc. The parameters in the SUBFIND code
need no changing as they simply control the size of search radii for local density maxima, but more
importantly, are given in terms of the number of particle neighbours and not in terms of a distance
with h factors in the units. Further, the structure finding algorithms return quantities like masses in
units of M/h and M/h˜ in the fiducial and separate universe cosmologies, respectively. In all our
results, we convert the numerical value of all such quantities to the same units with the h factor of
the fiducial cosmology (specifically, if M is the numerical value of the mass of a halo in the separate
universe cosmology in units of M/h˜, then the value in M/h units is M(h/h˜)).
The shape of the initial linear matter power spectrum is the same between the fiducial and
separate universe cosmologies as Ωm0h
2 = Ω˜m0h˜
2, and hence, the same power spectrum file can be
used to generate the initial conditions. The only modification is at the level of the conversion of
wavenumber and spectra units from h/Mpc and Mpc3/h3 to h˜/Mpc and Mpc3/h˜3.
From its contribution to the galaxy bias expansion in Eq. (1.3), the linear LIMD galaxy bias
parameter b1 is formally defined as
b1(z) =
d lnng(z)
dδL(z)
∣∣∣∣
δL(z)=0
, (2.2)
which we evaluate by first-order finite-differencing the output of the Fiducial, High δm and Low δm
simulations. Effectively, we measure b1 as
b1(z,M) =
bHigh1 (z,M) + b
Low
1 (z,M)
2
, (2.3)
with
bHigh1 (z,M) =
1
δHighL (z)
[NHigh δmg (z,M)
NFiducialg (z,M)
− 1
]
+ 1, (2.4)
bLow1 (z,M) =
1
δLowL (z)
[NLow δmg (z,M)
NFiducialg (z,M)
− 1
]
+ 1, (2.5)
and where the Ng(z,M) denote, in the corresponding simulation, the number of haloes/subhaloes at
redshift z whose mass falls in some bin centered at M , and δHighL (z) > 0 and δ
Low
L (z) < 0.
3 Our choice
of |δL0| = 0.05 is motivated by having a sufficiently large perturbation to have a measurable impact in
the simulations, while maintaining negligible higher-order corrections to the first-order finite-difference
expression. The values of bHigh1 (z,M) and b
Low
1 (z,M) should be the same theoretically, but in practice,
numerical noise and binning effects may drive some differences. The simulations we use in this work
were run only once for a single realization of the initial conditions, which prevents us from quoting
errors in a robust statistical sense. As a compromise, we take |bHigh1 (z,M) - bLow1 (z,M)|/2 as a rough
estimate of the error of our measurements.
3In Eqs. (2.4) and (2.5), the +1 terms on the right-hand side account for the relation between the Lagrangian bL1 and
Eulerian b1 bias parameters. By construction, the comoving volumes of the fiducial and separate universe simulations
agree, and hence, the derivative of lnNg(z) naturally yields the Lagrangian bias, i.e., the bias defined w.r.t. the initial
density perturbations. In this paper, we work with the Eulerian bias that is defined in Eq. (1.3) w.r.t. the matter
fluctuations at later times. The volume elements in Eulerian space d3x and Lagrangian space d3q are related as
d3x = [1 + δL(z)]
−1 d3q, i.e., the long-wavelength perturbation causes the Eulerian volume of the fiducial and separate
universe simulations to be different: V Sep.Uni.Eul. = V
Fiducial
Eul. /[1 + δL]. Plugging this relation into the finite-difference of
number densities in Eulerian space,
b1 =
1
δSep.Uni.L
[NSep.Uni.g /V Sep.Uni.Eul.
NFiducialg /V
Fiducial
Eul.
− 1
]
, (2.6)
yields b1 = bL1 + 1.
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In Eqs. (2.3)-(2.5), we have explicitly considered objects binned in mass, but this can be straight-
forwardly generalized to any desired galaxy property. We shall do that below in Secs. 3.3 and 3.4
when we study the dependence of the galaxy bias on color and mass accretion rate of the galaxy black
holes.
2.3 The As Separate Universe
The presence of PNG of the local type induces a non-vanishing bispectrum (Fourier transform of
the three-point correlation function) in the primordial gravitational potential φ(x). This bispectrum
peaks in the so-called squeezed-limit, which describes the coupling of long-wavelength perturbations
with the power spectrum of two short-scale modes. In practice, this results in a modulation of
the amplitude of the small-scale primordial scalar power spectrum by long-wavelength perturbations
φ(x), which impacts the subsequent formation of structure that takes place inside such perturbations.
Specifically, it can be shown that the primordial potential power spectrum evaluated locally around
x can be written as (see e.g. Sec. 7.1.2 of the review Ref. [1])
Pφφ(kshort, z|x) = Pφφ(kshort, z)
[
1 + 4fnlφ(x)
]
, (2.7)
where we have denoted the wavenumbers by kshort to emphasize that these are short-scale modes
compared to the wavelength of the φ(x) perturbation. Similarly to the case of the total matter
density perturbations then, galaxies forming inside a sufficiently long-wavelength perturbation regard
it as a spatially uniform change to the variance of the small-scale fluctuations, i.e., they form as if
in a separate cosmology with perfectly Gaussian initial conditions, but modified amplitude of the
primordial power spectrum [17, 50]
A˜s = As [1 + δAs] , with δAs = 4fnlφL (2.8)
and where φL is the amplitude of the long-wavelength potential perturbation.
Concerning the setup and analysis of the simulations, the only step that differs compared to the
fiducial cosmology is at the level of the generation of the initial conditions, which should be generated
using the same power spectrum file with the amplitude multiplied by [1 + δAs] (cf. Table 1). In our
results, we consider cases with δAs = δAHighs = +0.05 (labeled High As) and δAs = δALows = −0.05
(labeled Low As), and we evaluate bφ as
bφ(z,M) = 4
d lnng(z)
dδAs
∣∣∣∣
δAs=0
; (2.9)
the factor of 4 arises because bφ multiplies O(x) = fnlφ(x) in the galaxy bias expansion of Eq. (1.3),
but the rescaling of the amplitude of the small scale power spectrum is δAs = 4fnlφL. Analogously
to b1, we evaluate bφ as
bφ(z,M) =
bHighφ (z,M) + b
Low
φ (z,M)
2
, (2.10)
where
bHighφ (z,M) =
4
δAHighs
[NHighAsg (z,M)
NFiducialg (z,M)
− 1
]
, (2.11)
bLowφ (z,M) =
4
δALows
[ NLowAsg (z,M)
NFiducialg (z,M)
− 1
]
. (2.12)
We estimate the error of our measurements of bφ in the same way as b1.
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Figure 2. Linear (LIMD) bias b1 (left) and local PNG bias bφ (right) measured using the Gravity simulations
as a function of total mass, Mh. The symbols with errorbars connected with solid lines show the separate
universe results from the TNG300-2 (squares), TNG100-1.5 (circles) and L ≈ 800 Mpc (triangles) resolutions,
and the different colors indicate different redshifts, as labeled. The upper panels show the result for haloes
and the lower panels shows the difference between the bias of subhaloes and haloes. In the upper left panel,
the dashed curves show the prediction from the Tinker bT1 fitting formula of Eq. (3.1). In the upper right
panel, the dot-dashed curves show the prediction of the separate universe argument applied to the Tinker
halo mass function fitting formula (cf. Eq. (3.5)).
3 Galaxy bias b1 and bφ: numerical results
In this section we present our measurements of the galaxy bias parameters b1 and bφ from the separate
universe simulations of the IllustrisTNG model. We will show and discuss the results for both haloes
and subhaloes, and as a function of total mass, total stellar mass, galaxy color and black hole mass
accretion rate. In the section after this one, we analyse more carefully the distinct impact that matter
perturbations and local-type PNG have on the SHMR, which will help explain the stellar mass results
displayed in this section.
3.1 Dependence on total halo mass
Figure 2 shows the bias parameters b1 (left) and bφ (right) found in our Gravity simulations as a
function of total mass Mh and at different redshifts, as labeled. In the upper left panel, we compare
our b1 measurements for haloes (symbols with errorbars) with the Tinker et al fitting formula of
Ref. [27] shown by the dashed curves. The latter is given by
bT1 (z,M) = 1−A
νa
νa + δac
+Bνb + Cνc, (3.1)
with ν = δc/σ(z,M) and
σ(z,M)2 =
1
2pi2
∫
dk k2PLmm(k, z)W˜
2(k,R(M)), (3.2)
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where PLmm is the linear matter power spectrum, W˜ (k,R(M)) = 3 (sin(kR)− kRcos(kR)) / (kR)3 and
R(M) = (3M/(4piρ¯m0))
1/3
. The fitting formula describes our b1 measurements to within ≈ 10% for
z < 1 and ≈ 15% for z = 2. This is in line with the expected accuracy of the formula for these
redshifts (cf. Fig. 1 of Ref. [27]); one should keep in mind as well that Ref. [27] calibrates the formula
using haloes found with a spherical overdensity (SO) algorithm (with SO mass definitions; we adopt
the ∆ = 200 values of Table 2 in Ref. [27]), whereas in this paper we deal with FoF haloes (with FoF
mass definitions). The performance of the Tinker formula worsens at z = 3, where it underpredicts
the simulation measurements by ≈ 20 − 30%; here, however, it is important to keep in mind that
z = 3 falls outside of the redshift range used in the fitting in Ref. [27].
The upper right panel of Fig. 2 compares the corresponding results for bφ with a theoretical
prediction obtained by applying the separate universe argument to fitting formulae of the halo mass
function. Specifically, we adopt the Tinker et al. [105] fitting formula for the differential halo mass
function
dnT(M)
dM
= fT(σ)
ρ¯m0
M
d lnσ−1
dM
, (3.3)
fT(σ) = A
[(σ
b
)−a
+ 1
]
exp
[−c/σ2] , (3.4)
with A = 0.186, a = 1.47, b = 2.57, c = 1.19 being the best-fitting parameters to the abundance
of SO haloes in gravity-only simulations (we proceed with the caveat that we are not dealing with
spherical-overdensity objects in our simulations). The number of haloes nT(M) within some mass
bin centered at M can be obtained by integrating Eq. (3.3), which depends on the amplitude of the
linear matter power spectrum via σ(z,M) (cf. Eq. (3.2)). The theoretical prediction shown by the
dot-dashed curve is then simply obtained using Eq. (2.9), but replacing the number counts measured
from the simulations with those predicted by nT(M):
bTφ (z,M) = 4
d lnnT(M, z)
dδAs
∣∣∣∣
δAs=0
. (3.5)
This equation is exact and it should be a good fit to the simulation results provided nT captures well
the impact of As on halo abundances. Our results display however a trend for Eq. (3.5) to overpredict
by about 10− 20% the measured bφ above a certain halo mass; at z = 0, z = 1 and z = 2, this mass
scale is approximately 5× 1013 M/h, 5× 1012 M/h and 1011 M/h, respectively.
The lower panels of Fig. 2 show the difference of the values of b1 and bφ between subhaloes and
haloes, which reveal a trend for the subhaloes to be more biased than the haloes of the same mass.
This is as expected because both b1 and bφ are growing functions of halo mass and the subhaloes reside
inside more massive haloes. The noise in this measurement does not permit to discern any redshift-
and mass-dependence of the difference, which is generically higher for bφ (b
Subhalo
φ −bHaloφ ≈ 0.10−0.40)
than for b1 (b
Subhalo
1 − bHalo1 ≈ 0.10− 0.20).
The upper panels of Fig. 3 show the bφ estimated from our simulations plotted against the
corresponding b1 measured in the same total mass bin for both haloes and subhaloes, and for different
redshifts, as labeled (the lower panels correspond to stellar mass selection and are discussed in the
next subsection). The universality relation bφ = 2δc(b1 − 1) is shown by the solid black line, which
for b1 & 1.5 overpredicts the measured bφ. This breakdown of the universality relation is well known
from the literature [56–64], although our results at higher redshift display a stronger suppression
compared to what previous works have found. The grey band spans the area covered by a variant
of the relation bφ = q × 2δc(b1 − 1) with q ∈ [0.5, 0.85]. At z = 0, our results are compatible with
q = 0.85, which agrees with the result of Ref. [64] who finds the same suppression at z = 0, using
also FoF objects and gravity-only separate universe simulations. Reference [57], on the other hand,
finds that a value of q = 0.85 is also a good description for FoF objects at z = 1 and z = 2, whereas
our results display stronger suppressions: q ≈ 0.75 and q ≈ 0.65, respectively. A potential origin for
this small mismatch could be related to the strategy to measure b1: in Ref. [57], the authors estimate
b1 using the large-scale limit of the ratio of halo to matter power spectra, whereas here we use the
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Figure 3. Local PNG bias bφ plotted against the linear (LIMD) bias b1 measured from the TNG100-1.5
(circles), TNG300-2 (squares) and L ≈ 800 Mpc (triangles) resolutions at different redshifts, as labeled. The
upper and lower panels show the result for total halo mass and stellar mass selection, respectively; the filled
symbols are for haloes and the open symbols for subhaloes. The solid black line marks the prediction from
the universality relation bφ = 2δc(b1 − 1), the light grey band in the upper panels marks the area covered by
bφ = q × 2δc(b1 − 1), q ∈ [0.5, 0.85], and the dark grey band in the lower panels shows the area covered by
bφ = 2δc(b1 − p), p ∈ [0.4, 0.7].
separate universe technique (which has higher signal-to-noise). Interestingly, some of the results in
Ref. [57] do display a mild preference for a stronger suppression at higher redshift, although for SO
mass definitions.
Although not shown, we have also explicitly verified that the total halo mass dependence of b1
and bφ measured from the Hydro simulations is perfectly consistent with those shown in Figs. 2 from
the TNG100-1.5 and TNG300-2 Gravity simulations. For b1, this corroborates the previous findings
from Ref. [93] with IllustrisTNG of a negligible impact of baryonic effects on b1 (estimated there using
the large-scale limit of the ratio of the halo to matter power spectra). We find with this check that
the total mass dependence of bφ is also negligibly affected by baryonic effects.
3.2 Dependence on stellar mass
We now turn our attention to the bias of stellar-mass-selected haloes and galaxies and the performance
of the universality relation bφ = 2δc(b1 − 1) for such objects. This is addressed in the lower panels
of Fig. 3, which show that, under stellar-mass selection, the universality relation underpredicts the
bφ(b1) relation estimated from the simulations for all b1 shown; i.e. stellar-mass selected objects show
the opposite deviation from universality than total-mass selected haloes. In this case, we find that
the variant bφ = 2δc(b1 − p) with p ∈ [0.4, 0.7] provides a more accurate description of the simulation
results. This form was put forward by Ref. [50] who argued that the relation with p = 1.6, leading to
a suppression relative to the universality relation, yields a better description of bφ for objects whose
host haloes had recently undergone a major merger; this was argued could be the case of most quasar
host haloes, for example.4 In our results, we find instead that p ∈ [0.4, 0.7] works reasonably well
in bringing the universality relation upwards into better agreement with the measured values of the
bφ(b1) relation for both haloes and galaxies (recall, subhaloes with stars), as well as for all redshifts
shown. The statistical precision of our measurements prevents us from carrying out a finer fitting
of the parameter p (which could be redshift dependent), but they nonetheless do robustly display a
4Using simulations with non-Gaussian initial conditions, Ref. [61] subsequently confirmed the dependence of bφ on
halo formation time at fixed halo mass, with older haloes being more biased than recently formed ones.
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Figure 4. Local PNG bias bφ measured for haloes (black symbols) as a function of their total stellar mass, M∗,
and for different redshifts and resolutions, as labeled. The open orange symbols show the universality relation
prediction using the corresponding b1(M∗) measurements. The filled orange symbols show the prediction of a
modification of the universality relation, bφ = 2δc(b1 − p); the value of p is indicated in each panel.
Figure 5. Same as Fig. 4, but for galaxies (i.e., subhaloes with stars) instead of haloes.
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Figure 6. Galaxy bias parameters b1 (red) and bφ (cyan) as a function of g−r color for galaxies; the different
panels are for different redshifts, as labeled. Note that each bin in g− r typically spans a wide range in mass.
preference for p < 1 for the stellar mass selected objects simulated with IllustrisTNG. The preference
for p < 1 is also robust to different stellar mass definitions: we checked this explicitly for stellar masses
defined as the summed mass of (i) all stars in the haloes and galaxies (our default definition), (ii) all
stars inside the stellar half-mass radius of galaxies and (iii) all stars inside twice the stellar half-mass
radius of galaxies.
The breakdown of the universality relation for stellar-mass selected objects is displayed from
another viewpoint in Figs. 4 and 5, which show the stellar-mass dependence of bφ for haloes and
subhaloes (galaxies), respectively. The filled black symbols show the bφ(M∗) measured from the
simulations and the orange open symbols show the prediction of the universality relation using the
corresponding b1(M∗) measurements (the interested reader can peek at Fig. 12 below for the stellar
mass dependence of b1). As expected from Fig. 3, the universality relation underpredicts the measured
bφ(M∗) for both haloes and subhaloes, and at all redshifts and on all mass scales shown. To highlight
the significance of this difference, note for example how in Fig. 5 the universality relation prediction
approaches zero at z < 1 for M∗ . 2× 1010 M/h, but the actual measured bias values remain quite
sizeable bφ ≈ 1 − 3. Adopting the universality relation for such galaxies in searches for local PNG
therefore significantly underestimates the actual impact of fnl and leads to weaker constraints. The
filled orange symbols in Figs. 4 and 5 show the prediction from the modified relation bφ = 2δc(b1− p)
with p ∈ [0.5, 0.6], which indeed, describes the simulation results appreciably better.
3.3 Dependence on galaxy color
Our simulations with the IllustrisTNG model allow to study the dependence of the bias parameters
b1 and bφ on galaxy color as well. Here, we analyse briefly the dependence on colors defined as the
difference in dust-uncorrected g and r band luminosity due to all stars in the subhaloes; we do not
account for the impact of dust attenuation on galaxy colors (see Ref. [94] for an indepth discussion of
galaxy colors in IllustrisTNG). Figure 6 shows the bias parameters b1 and bφ as a function of g− r at
z = 0, z = 1 and z = 2. Their behavior is strikingly different, both qualitatively and quantitatively.
At z = 0 (left panel), b1 stays approximately constant and equal to unity for all of the g − r values
shown. On the other hand, bφ is always monotonically increasing with g − r: it is very negative at
g − r ≈ 0.1 (bφ around −3 and −4), crosses zero at around g − r = 0.5 and becomes very positive
bφ = 4 towards the redder end g − r ≈ 0.75. At z = 1 (middle panel), our results are compatible
with a trend for b1 to decrease from b1 ≈ 2 at g − r ≈ 0.1 to b1 ≈ 0 at g − r ≈ 0.5; at this redshift,
bφ displays a similar strong increase with g − r to that at z = 0 (the zero crossing happens at bluer
values g − r = 0.25 and, at the redder end, it can grow up to bφ = 8). Finally, at z = 2 (right panel),
our results show that b1 decreases and bφ increases with g − r, but note that at this higher redshift
the range in g − r spanned by the galaxies is far smaller than at lower redshifts.
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Figure 7. Same as Fig. 6, but for the instantaneous mass accretion rate of the galaxy’s black holes, instead
of g − r color. Likewise, note that each bin in M˙BH typically spans a wide range in mass.
The nontrivial dependence of b1 and bφ on galaxy color shown in Fig. 6 motivates a more detailed
analysis. In Fig. 6, each g − r bin covers a range in both total and stellar mass, and hence, it would
be interesting to analyse the behavior of b1 and bφ simultaneously as a function of both color and
mass. It would be further interesting to extend the analysis to luminosities in bands beyond g and
r, as well as including a treatment of attenuation by the dust distribution (which is itself potentially
affected by overdensities and local PNG). We leave these and other developments to future work.
3.4 Dependence on black hole mass accretion rate
The study of the dependence of galaxy bias on properties of their hosting black holes is particularly
interesting to observational searches of local PNG, which usually make use of high redshift quasar
samples to take advantage of the larger volumes they cover and probe sufficiently large scales. Figure
7 shows the dependence of b1 and bφ on the instantaneous mass accretion rate of the galaxy’s black
holes, M˙BH. Like for the case of galaxy colors, the two bias parameters display rather different
behaviors. At higher redshift z = 2, b1 and bφ increase slightly with the black hole accretion rate,
and at the high-M˙BH end, bφ is larger than b1: bφ ≈ 4 vs. b1 ≈ 2 for M˙BH ≈ 107 M/Gyr. With
decreasing redshift, our results suggest a gradual and mild decrease in the value of b1: by z = 0, our
results are consistent with b1 ≈ 1 for M˙BH ∈
[
104, 107
]
M/Gyr. On the other hand, the value of
bφ decreases much more strongly with redshift: by z = 0, it becomes negative with a trend for the
galaxies with the faster accreting black holes to have more negative bφ.
Like for the dependence of the bias on galaxy color, we defer a more detailed investigation of
the dependence of b1 and bφ on black hole properties to future work. We highlight once more the
relevance of carrying out such a study, specially given the prominence of quasar power spectra in
observational constraint studies of fnl [50, 65, 67–71].
4 The impact of overdensities and local PNG on stellar and halo masses
In this section, we study the response of the stellar-to-halo-mass-relation (SHMR) to the presence
of long-wavelength perturbations of the matter field δm(x, z) and primordial gravitational potential
perturbations with local PNG fnlφ(x). We focus on haloes and begin by analysing the predictions of
the IllustrisTNG model for the response functions themselves (our main conclusions here hold to the
case of the galaxies as well). These are then later used as ingredients in modelling the stellar mass
dependence of b1 and bφ.
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Figure 8. Response of the median stellar-to-halo-mass-relation (SHMR) to long-wavelength matter overden-
sities (red) and primordial potential perturbations with local PNG (cyan), at different redshifts, as labeled.
The symbols show the response of the median stellar mass in fixed total halo mass bins. The grey bands
indicate the regions covered by a simple model that we use in Sec. 4.2 to describe the stellar mass dependence
of bφ and b1. The corresponding response functions for galaxies (not shown) are effectively the same as those
shown here for haloes.
Figure 9. Responses of the total stellar mass (orange), total mass (black) and ratio of total stellar to total
mass (green) of all haloes with mass 1012 M/h < Mh < 5 × 1012 M/h. The result is shown as a function
of redshift on the left for the response to matter overdensities and on the right for the response to local PNG.
4.1 Responses of the stellar-to-halo-mass relation
The response functions of the SHMR can be defined in analogy to the galaxy bias parameters by
expanding the local SHMR in terms of these perturbations as
M∗ (Mh, z|x) = M∗ (Mh, z)
[
1 +RM∗1 (Mh, z)δm(x, z) +R
M∗
φ (Mh, z)fnlφ(x)
]
, (4.1)
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Figure 10. Stellar-to-halo-mass relation (SHMR) found in the TNG100-1.5 (green) and TNG300-2 (blue)
simulations at z = 2. The points show the relation for haloes in the fiducial cosmology. The black lines show
the median stellar mass in bins of halo mass in the fiducial and separate universe cosmologies, as labeled.
The left and right panels correspond, respectively, to the separate universes that mimic matter perturbations
and primordial potential perturbations with local PNG. In each panel, the insets zoom into specific regions to
actually visualize the different median relations. The relative difference between the black lines is effectively
the z = 2 response shown in Fig. 8.
where M∗ (Mh, z|x) is the SHMR in a local volume around x and M∗ (Mh, z) is its cosmological
average. The response coefficients are defined as
RM∗1 (Mh, z) =
d lnM∗
dδL(z)
∣∣∣∣
δL(z)=0
, (4.2)
RM∗φ (Mh, z) = 4
d lnM∗
dδAs
∣∣∣∣
δAs=0
, (4.3)
and can be evaluated via finite-differencing using our separate universe simulations. This is depicted
in Fig. 8, which shows the response of the median stellar mass in fixed total mass bins for the haloes
found in the TNG100-1.5 and TNG300-2 simulations at different redshifts, as labeled. The figure
shows overall that matter perturbations and local PNG do impact the SHMR, although in markedly
different ways. In the case of local PNG, a boost of the amplitude of the primordial scalar power
spectrum works to enhance the stellar mass that is found at fixed halo mass. This enhancement does
not vary strongly with redshift (at least for z < 3) and it is stronger at the lower-mass end of our
measurements: d lnM∗/dδAs ranges from approximately unity to zero between Mh ∼ 1011 M/h
and Mh ∼ 1013 M/h. In contrast, the response of the SHMR to a boost in matter density can be
very negative, specially at z = 3 and low masses, but its size progressively decreases with redshift,
being consistent with zero at z = 0 for all mass scales shown; the effects of overdensities are also more
pronounced at lower masses. Both a boost in matter density and in amplitude of the primordial power
spectrum work to enhance structure formation, and hence, the opposite sign of the corresponding
SHMR responses shown in Fig. 8 may seem surprising as one could have expected both scenarios
to result in enhanced star formation. This seemingly unintuitive result can be traced back to the
different impact that overdensities and local PNG have not only on stellar masses, but also on total
halo masses, as we explain next.
Figure 9 shows the redshift evolution of the responses of the total stellar mass (orange), total
halo mass (black) and corresponding ratios (green) for all haloes found in a fixed halo mass bin
1012 M/h < Mh < 5 × 1012 M/h. The responses to matter overdensities are depicted on the left
and show that, at early times, overdense regions work to increase both the total mass and the stellar
mass that is found in the chosen halo mass bin. This is due to two reasons: (i) there are more haloes
in the mass bin and (ii) the individual haloes are themselves more massive. Crucial to our discussion
is the fact that the increment in total mass exceeds the increment in stellar mass, as shown by the
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higher amplitude of the black over the orange lines at z > 1, or by the negative value of the response
of the ratio of total stellar mass to total halo mass in green. In other words, long-wavelength total
mass perturbations boost the build up of the total mass found in haloes inside the bin by more than
they boost the build up of stellar mass. This difference becomes less pronounced at lower redshift, as
shown by the comparable amplitude of the black and orange lines at z ≤ 1 on the left panel of Fig. 9.
The right panel shows the same for the responses to local PNG, in which case the effects are likewise
stronger at higher redshift, but the boost in stellar mass always exceeds the boost in total mass.
To provide perhaps more intuition for the responses of the median SHMR depicted in Fig. 8,
we show in Fig. 10 the SHMR measured in our simulations at z = 2. The points show the relation
for haloes found in the TNG100-1.5 (green) and TNG300-2 (blue) simulations of the fiducial cosmol-
ogy. The black curves show the median relation of the fiducial and corresponding separate universe
cosmologies; the inset panels zoom into specific regions to visualize the actual changes. The lesson
from Fig. 9 is that inside both positive long-wavelength matter perturbations δL > 0 and positive
primordial potential perturbations with local PNG (fnlφL > 0), the objects in the M∗ −Mh plane
of Fig. 10 are moved on average both rightwards (more total mass) and upwards (more stellar mass).
Crucially, however, is the fact that in the case of matter overdensities, the objects are moved right-
wards more than they are moved upwards. The net effect is a lowering of the median stellar mass,
when measured at fixed halo mass as indeed observed in Fig. 8. On the other hand, for the local PNG
case, if δAs > 0, the objects are on average moved upwards more than they are moved rightwards in
Fig. 10, which explains the corresponding positive response of the SHMR shown in Fig. 8.
We finish this subsection by highlighting the good agreement between the two resolution TNG100-
1.5 and TNG300-2 predictions for the responses of the SHMR, which is remarkable given that predic-
tions for their absolute values are still not converged at these numerical resolutions (cf. Fig. 10, but
also Fig. A2 of Ref. [34] and Fig. A1 of Ref. [91]).
4.2 Modeling b1 and bφ as a function of stellar mass
In this subsection, we attempt to model the stellar mass dependence of the bias parameters b1 and
bφ by combining analytical formulae for the abundance of haloes with the responses of the SHMR
discussed in the last subsection. We begin with bφ, which we model as
bTφ (z,M∗) =
1
δAs
[
nT,Sep.Uni.As
(
MSep.Uni.Ash [M∗]
)
nT,Fiducial
(
MFiducialh [M∗]
) − 1] , (4.4)
where nT,Fiducial and nT,Sep.Uni.As are the Tinker mass function formula evaluated for the fiducial
and separate universe cosmologies, respectively; this equation corresponds simply to a modification of
Eq. (3.5) to take M∗ as the argument via the halo-to-stellar-mass relation (the inverse of the SHMR)
Mh(M∗), rather than Mh directly. For the fiducial cosmology, we describe MFiducialh [M∗] by fitting a
polynomial to the median relation in our simulations, whereas for the separate universe cosmology,
we evaluate the same relation as
MSep.Uni.Ash [M∗] = M
Fiducial
h [M∗(1−RM∗φ δAs)], (4.5)
i.e., at fixed stellar massM∗, the associated halo mass in the separate universe cosmology is equal to the
halo mass in the fiducial cosmology for M∗ rescaled by the SHMR response function M∗(1−RM∗φ δAs).
We adopt a simple linear relation to model the response function
RM∗φ (Mh, z) = a
[
log10(Mh/M0)
]
+ c, (4.6)
which brackets roughly our simulation measurements of RM∗φ for the parameters M0 = 10
11 M/h,
a = 0.25 and c = 0.7 (lower bound) and c = 1.3 (upper bound); this is the upper grey band in Fig. 8.
The predictions from the model of Eqs. (4.4), (4.5) and (4.6) are shown by the orange bands
in Fig. 11, which are able to describe very well the stellar-mass and redshift dependence of the
bφ measured from the simulations (black symbols). For comparison, the magenta lines show the
outcome of the same model, but neglecting the impact of local PNG on the SHMR, i.e. RM∗φ → 0,
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Figure 11. Local PNG bias bφ measured for haloes (black symbols) as a function of their total stellar mass,
M∗, and for different redshifts and resolutions, as labeled; these measurements are the same shown by the
black symbols in Fig. 4. The orange bands show the predictions of our simple model using Eqs. (4.4), (4.5)
and (4.6) that takes into account the modifications to the SHMR by local PNG. The magenta curves show
the outcome of the same model, but assuming an unmodified SHMR, i.e., MSep.Uni.Ash [M∗] → MFiducialh [M∗]
in Eq. (4.4). In each panel, the two sets of model predictions correspond to using the MFiducialh [M∗] relation
fitted to the TNG100-1.5 (left) and TNG300-2 (right) resolutions.
or equivalently, MSep.Uni.Ash [M∗] → MFiducialh [M∗]. Failing to incorporate the changes to the SHMR
results in a significant underprediction of the value of bφ. This underprediction can be traced back
to the breakdown of the universality relation discussed in Sec. 3.2: the magenta curves in Fig. 11 are
given by bφ(Mh) where Mh is the halo mass corresponding to a given M∗, and as a result, they follow
the universality prediction fairly closely. The universality relation bφ = 2δc(b1− 1) is therefore a poor
description for stellar-mass selected objects to a large part because long-wavelength overdensities and
primordial potential perturbations with local PNG impact the SHMR differently.
It is interesting to link our finding that bφ(M∗) is enhanced by the positivity of the response
RM∗φ > 0 with the assembly bias finding of Ref. [61] that, at fixed mass, bφ is higher in older than
younger haloes. The boost in stellar mass induced by δAs > 0 could be at least partly a consequence
of earlier halo formation times, or in other words, the behavior of bφ for stellar-mass selected samples
could be to some degree a manifestation of the secondary dependence of bφ on the formation time
of the host halo population. Indeed, Ref. [61] also finds that the galaxies in a stellar-mass selected
sample constructed in Ref. [106] with semi-analytical modelling on the Millennium simulation do tend
to populate older haloes and display, as a result, bφ values that are higher than it would be inferred
from the mass of their host haloes alone. A detailed look into these considerations is left for future
work.
Finally, concerning the stellar-mass dependence of b1, we model it analogously to that of bφ as
bT1 (z,M∗) =
1
δL(z)
[
nT,Sep.Uni.δm
(
MSep.Uni.δmh [M∗]
)
nT,Fiducial
(
MFiducialh [M∗]
) − 1] , (4.7)
where nT,Sep.Uni.δm represents a mass function prediction for the cosmologies that mimic long-wavelength
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Figure 12. Same as Fig. 11, but for b1 instead of bφ.
total matter perturbations, i.e., cosmologies with spatial curvature. The Tinker fitting formula was
not calibrated for those cosmologies, and so here we evaluate the corresponding abundance of haloes
using the definition of the linear LIMD bias as
nT,Sep.Uni.δm(Mh, z) = n
T,Fiducial(Mh, z)
[
1 + bT1 (z,Mh)δL(z)
]
. (4.8)
The halo-to-stellar-mass relation in the separate universe cosmology is calculated as
MSep.Uni.δmh [M∗] = M
Fiducial
h [M∗(1−RM∗1 δL(z))], (4.9)
with the response RM∗1 modeled using the same relation as for R
M∗
φ in Eq. (4.6), but with time-
dependent parameters. Specifically, we keep M0 = 10
11 M/h constant and for z = {0, 0.5, 1, 2, 3}
we use, respectively, alower = aupper = {0, 0.25, 0.25, 0.25, 0.5}, clower = {−0.3,−0.7,−0.9,−1.4,−2.1}
and cupper = {+0.3,−0.2,−0.3,−0.7,−1.2}, where the superscripts indicate the lower and upper
bounds of the bottom grey bands in Fig. 8. The prediction of our modeling of b1(M∗) is shown by the
orange bands in Fig. 12, which describe also well the b1(M∗) measured from the simulations.5 Here,
however, the modeling of the SHMR response RM∗1 has considerably reduced importance, compared
to the bφ(M∗) case (cf. magenta vs. orange predictions in Figs. 11 and 12). This is due to the fact
that the response to overdensities at z is taken w.r.t. their amplitude δL(z), which is smaller at higher
z (cf. Eq. (4.2)). As a result, although RM∗1 can be sizeable at high redshift, the product R
M∗
1 δL that
controls the actual rescaling of stellar masses in Eq. (4.9) is small. In other words, the absolute value
of the impact of matter overdensities on the median SHMR is smaller than that from local PNG.
5At z = 3, and also to some extent at z = 2, the orange band is slightly below the measured bφ. This is caused
by the fact that bT1 , which enters via Eq. (4.8), underpredicts our measured values of b1 for haloes at those redshifts
(cf. Fig. 2). As a test, we have checked that artificially boosting bT1 such that it matches the measured b1 brings the
orange bands upward into good agreement with the simulations (the magenta curves also go up and become a worse
description, as they should).
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5 Summary & Conclusions
The determination of the properties of the primordial density fluctuations is one of the main current
goals in cosmology, with one of the key questions concerning the degree of primordial non-Gaussianity
(PNG) of the distribution of these fluctuations. For the case of the so-called local-type PNG described
by the amplitude parameter fnl (cf. Eq. (1.2)), the current best constraints come from analysis of
the CMB data fnl = −0.9 ± 5.1 (2σ), but upcoming surveys of the late-time galaxy distribution
are expected to be able to probe |fnl| . 1. The tightening of the bounds on fnl is of the utmost
importance for fundamental physics as any non-zero detection of fnl would immediately rule out
single-field models of inflation. A precise understanding of galaxy bias is however crucial to carrying
out searches for fnl using the galaxy distribution because of their degenerate effects on statistics like
the galaxy power spectrum (cf. Eq. (1.4)). Our main goal in this paper was precisely to study galaxy
bias in the context of local PNG.
Specifically, in this paper, we have used cosmological hydrodynamical simulations with the Il-
lustrisTNG galaxy formation model to study the linear LIMD galaxy bias b1 and linear local PNG
galaxy bias bφ. We have estimated these bias parameters using the separate universe technique, in
which the local effect of the long-wavelength perturbations in a given fiducial cosmology is exactly
mimicked by appropriate modifications to the cosmological parameters (cf. Sec. 2, Fig. 1 and Table
1).
We have run separate universe simulations at two numerical resolutions, and both full hydro-
dynamical simulations with the IllustrisTNG galaxy formation physics model (dubbed Hydro), as
well as gravity-only counterparts (dubbed Gravity). We have measured the bias parameters for both
haloes (FoF groups) and subhaloes/galaxies (SUBFIND substructures). We have focused our anal-
ysis on the dependence of b1 and bφ on total mass, stellar mass, galaxy color and black hole mass
accretion rate. We have also studied the impact that matter overdensities and local PNG have on the
stellar-to-halo-mass relation (SHMR). Our main results can be summarized as follows:
• For objects selected by their total mass, we recover the previously known result that the univer-
sality relation bφ = 2δc(b1 − 1) overpredicts simulation results for b1 & 1.5 (cf. Fig. 3). We find
this overprediction to be more significant at higher redshift. We have also found no evidence of
baryonic effects on b1 and bφ within the precision of our measurements.
• Our main result is that the universality relation underpredicts bφ for stellar-mass selected objects
(cf. Figs. 3, 4 and 5). We find instead that bφ(M∗) = 2δc(b1(M∗)−p) with p ∈ [0.4, 0.7] provides
a more accurate description.
• The size and time evolution of b1 and bφ are very different for galaxies selected by color (cf. Fig. 6)
and black hole mass accretion rate (cf. Fig. 7). This motivates work to establish the nontrivial
relation between b1 and bφ for objects selected in terms of these two variables (or proxies thereof).
• Long-wavelength matter overdensities typically boost the total mass by more than they boost
the total stellar mass of haloes. In contrast, positive modulations of the primordial potential
(with fnl > 0) boost the mass in stars by more than they boost the total mass (cf. Fig. 9).
These facts explain why the response of the median SHMR to local PNG is positive, but the
response to matter overdensities can be negative (cf. Fig. 8 and Sec. 4.1).
• By combining analytical formulae for the abundance of haloes as a function of total mass with
simple modeling of the responses of the SHMR, we were able to reproduce the stellar-mass
dependence of bφ and b1 (cf. Figs. 11 and 12). The incorporation of the modifications of the
SHMR in this modeling is crucial to reproduce the measured bφ, and neatly illustrates that the
poor performance of the universality relation under stellar-mass selection is at least partly due
to the different response of the SHMR to overdensities and local PNG.
We would like to stress the critical importance of understanding the relation between b1 and bφ
because it is a crucial ingredient in searches for fnl using galaxies. Simultaneously marginalizing over
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b1 and bφ in analyses using the scale-dependent feature in the galaxy power spectrum (cf. Eq. (1.4))
makes it impossible to constrain fnl. For this reason, a prediction for bφ, most likely in the form of
a relation bφ(b1), is necessary. The degree to which this relation is known has direct consequences on
the resulting bounds on fnl, which motivates more detailed studies.
Our finding that bφ(M∗) = 2δc(b1(M∗) − p) with p ∈ [0.4, 0.7] (instead of p = 1) is a better
description for stellar mass selected galaxy samples represents good news for local PNG searches
using galaxies. Concretely, p = 1 is typically used in forecast studies of the constraining power on fnl,
but our results indicate that this underpredicts the amplitude of the true effect that local PNG would
have on the galaxy power spectrum (see e.g. Ref. [79] for a detailed forecast study on fnl using stellar
mass selected samples). The magnitude of this underprediction can be quite substantial depending on
mass and redshift. For example, taking the case of our results for M∗ ≈ 1010 M/h galaxies at z = 1
in Fig. 5, the universality relation predicts that the clustering of these objects is fairly insensitive
to fnl (i.e., |bφ| . 1), but our results show that the measured bias is in fact about 3 times larger,
bφ ≈ 3. Adopting bφ(M∗) = 2δc(b1(M∗)− p) in constraint/forecast analyses with p marginalized over
the IllustrisTNG range [0.4, 0.7] could reveal that the prospects to detect non-zero fnl using galaxies
may be more promising than previously thought. This is a message that is particularly relevant for
the upcoming all-sky galaxy redshift survey SPHEREx [74], which has as a primary science goal to
constrain PNG.
Our results further demonstrate that the relation between two or more galaxy bias parameters
can encode interesting information on galaxy formation, namely, its coupling to the long-wavelength
environment. One can hence entertain the idea to use sufficiently precise estimates of galaxy bias
parameters from data to constrain galaxy formation. It would thus be interesting to extend our
analysis to other galaxy bias parameters and to the response of other galaxy properties.
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